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Abstract 
In this work, a Lamb wave based technique has been developed for delamination 
detection in cross-ply laminated beams. By measuring the propagation speed of S0 Lamb 
mode and the traveling time of a signal reflected from a delamination site, the location of 
the delamination can be identified. It has been also confirmed by the experiment that the 
location of a delamination can be accurately determined by only using the data collected 
from the sensors in a defect-containing beam, without referring to the baseline signals. 
Finally, to gain a better understanding of the complex interaction between a Lamb wave 
and a long delamination, numerical simulations have been carried out using finite element 
method (FEM). The signal modes generated at the boundaries of the delamination have 
been analyzed.  
 
Keywords: Non-destructive testing, polymer-matrix composites, delamination, Finite 
element analysis, smart materials  
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1. Introduction 
Recently, Lamb waves have been increasingly used in structural health-monitoring in 
various engineering structures. Consequently, some relevant techniques for detecting 
delaminations in composite laminates have been developed [1-3]. Among these techniques,  
a two-stage model has been commonly adopted by which the difference between the 
signals from a defective structure and an intact structure can be used to define the so called 
residual error. Generally, these signals generated were complex in nature, featured by 
different group speed, amplitude of wave, etc. [1-3]. Therefore, baseline signals acquired 
from an intact structure are essential for calibration and delamination detection [1-3], 
especially for monitoring the propagation of a damage with high accuracy. Also, 
tremendous effort has been put to the delamination identification, which could be treated 
as a problem of inverse pattern recognition using calibrated numerical methods such as 
artificial neural network [4]. The interaction between Lamb waves and delaminations has 
also been investigated numerically and theoretically [5-7]. However, the complex wave 
scattering phenomenon in a delamination area has not been clearly understood in these 
studies. Also, it is still difficult to identify the accurate location of a delamination area, 
where the strongest and observable wave is assumed to be reflected back to the sensors.   
In this study, a technique for delamination identification using S0 Lamb mode, 
without referring to the baseline data, has been developed. Through measuring the  
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propagation speed of a wave and the traveling time of a reflected S0 mode from a 
delamination, the delamination position can be accurately identified. Moreover, to 
understand the complex interaction of S0 mode with a long delamination, the numerical 
simulations have been carried out.  
 
2. Experiments and numerical analyses 
2.1 Materials and experimental procedure 
    As shown in Fig. 1, a CFRP laminated composite beam of stack sequence of 
[010/9012/010] was used. Delaminations with different lengths, i.e., 30 mm, 20 mm and 10 
mm, respectively, were intentionally created at the interface between the 10th and 11th 
plies by inserting a Teflon film with a thickness of 25μm. A PZT actuator was attached on 
the top surface of the left end of the beam. The PZT actuator had a diameter of 10 mm and 
a thickness of 0.5 mm. In this case, the generated waves from the actuator merged into the 
reflected waves from the left end of beam, which leads to a simpler signal. In experiment, 
an excitation signal in the following Eq. (1), was adopted to generate S0 wave mode. 
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where f is the central frequency in Hz and N is the number of sinusoidal cycles within a 
pulse. In this experiment, the signal with f=100 kHz and N=5 was used and the electrical 
voltage on the actuator was 10 V. 
The same PZT unit was used as a sensor to pick up the reflected wave from a 
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delamination. Its material properties are: E11=62 GPa, E33=49 GPa, d33=472 pC/N, and 
d31=-210 pC/N. In this study, S0 mode was employed because its propagation speed is 
much higher than that of A0 mode, confirmed as 4 times higher form our testing. Therefore, 
it is expected that in a specified time domain, no A0 mode will be collected due to its slow 
speed, making the analysis of S0 modes much easier. Without the baseline data, it is still 
easy to estimate the arrival of the reflections from the beam boundaries, provided that the 
wave propagation speed and the dimensions of the beam are known. Then, if the reflected 
signal from the delamination is not overlapped with the reflections from the boundaries, it 
can be simply collected by the sensor. It is still a technical challenge when the 
delamination is located close to the beam boundaries and the reflected signal of the 
delamination is completely overlapped with the reflections from the boundaries. 
2.2 Finite element analysis procedure 
To explore the interaction of S0 mode with the delamination, a three-dimensional 
hybrid element proposed by the authors [8] and the explicit time integration algorithm were 
used in the finite element simulations. The contact effects in the delamination area were 
neglected. The same signal stated in Eq. (1) was also used here. Furthermore, the actuator 
and the sensor were discretized using 3D brick elements. If an electrical field is applied on 
the actuator, the tensional or compressive strains will be generated in it from a proper 
relation, which connects the applied voltage and the generated internal strains. The 
ACCEPTED MANUSCRIPT 
 
 6
induced stresses from the generated strains can be used to calculate the elemental nodal 
forces, which form axial force and bending moment in the beam simultaneously. Then, 
both S0 and A0 modes can be automatically generated.  
 
3. Results and discussion 
3.1 Experimental analysis 
Firstly, to evaluate the wave propagation speed, an intact beam with two sensors 
attached, was employed. The distance between the two sensors was 420 mm. By using the 
wavelet transformation technique [9], the arrival times of the incident waves to the two 
sensors were determined and the wave propagation speed of S0 mode at f=100 kHz was 
estimated as 6210 m/s. To verify the experimental results, the theoretical wave speed of 
the S0 mode was estimated based on the transfer matrix method [10]. The calculated speed 
was 6467 m/s if the material properties of CFRP were taken as E11=115 GPa, E22=E33=9 
GPa, G12=G23=G13=3 GPa, ν16=0.016, ν23=0.45, ν31=0.32 and ρ=1600 kg/m3. On the other 
hand, the corresponding propagation speed of A0 mode was estimated as 1506 m/s, much 
lower that the S0 mode. The higher theoretical wave speed of S0 mode may be due to the 
transfer matrix method used here, which is actually for an infinite plate. For a beam with a 
finite width, the influences of Poisson’s ratio and boundary conditions are expected.   
    A comparison of the signals from an intact beam and a delaminated one (a 30 mm 
delamination) is shown in Fig. 2. It is clear that there is a reflected wave in the signals 
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from the delaminated beam, which is located between the incident and the reflected waves. 
However, no clear reflected wave could be detected when the delamination length was 
reduced to 10 mm. No A0 mode can be observed in Fig. 2, since its incident wave is not 
fast enough to reach the sensor within 300 µs. For a signal with f=100 kHz and N=5, the 
minimum detectable length of the delamination was 20 mm, which is about 1/3 of the 
wavelength of the S0 mode at 100 kHz. It is reasonable to assume that a higher excitation 
frequency may have the benefit of detecting smaller delaminations. Once the arrival time 
of a reflected wave from the delamination is determined, the difference between the arrival 
times of the incident and reflected waves can be used to detect the delamination position, 
as shown in Fig. 3. For the 20 mm long delamination, a slightly higher error in the 
delamination position is observed. The reason is the overlap between the reflected signals 
from the delamination and those from the right end of the beam, causing an increased 
error in determination of the arrival time of a reflected wave from the delamination. 
3.2 Numerical simulation  
    A comparison between the experimental result and numerical simulation is shown in 
Fig. 4. A good agreement between two results is observed. For convenience, the amplitude 
of the first arrival S0 mode in the simulated waves was calibrated using the experimental 
data. The attenuation coefficients of the CFRP in the numerical model were determined by 
matching the amplitudes of the reflected waves from the right end of the beam to the 
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experimental data. When the actual sensor thickness, i.e., 0.5 mm, was used in numerical 
simulations, a small reflected wave from the sensor could be observed immediately next to 
the incident wave. This was also confirmed by the experimental result. Corresponding to a 
0.05 mm sensor thickness, however, no obvious reflection from the sensor could be 
observed in the numerical simulation. Therefore, the sensor thickness of 0.05 mm was 
eventually chosen in the simulations. Note that the selection of sensor thickness does not 
affect the simulation results as the calculated amplitudes will be calibrated using the 
experimental data. Similar to the experimental results, the numerical simulation showed 
that the reflected wave from the 10 mm delamination was very weak. 
    To understand the effect of delamination position along the through-thickness 
direction on the propagation of a Lamb wave, a 30 mm delamination was created in the 
midplane, i.e., between the 16th and the 17th plies. With the signal of f=80 kHz and N=5, 
the comparison between the numerical and experimental results is shown in Fig. 5. In Fig. 
5, no obvious reflected waves from the delamination can be observed. This finding is 
consistent with the work of Guo et al. [5]. They showed that the delamination at the 
positions of zero shear stress along the through-thickness direction, such as the midplane 
of a beam had no effect on Lamb wave propagation in a S0 mode.   
    To examine the capability of the numerical simulation to identify the location of a 
delamination, the length of delamination L (Fig. 6(a)) was increased from 30 to 90 mm. 
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The length of the beam was also increased up to 1500 mm. Under a condition of f=100 
kHz and N=5, the propagation speed of S0 mode was firstly calculated in an intact beam 
with two sensors. The estimated propagation speed was 6260m/s, which is very close to 
the experimental measurement. Based on this speed, the numerically identified positions 
for various delamination lengths are shown in Fig. 6(b). It is surprising to note that all 
predicted positions are beyond the right end of the delaminations. It has been 
demonstrated that a higher propagation speed of S0 mode in the delaminated 0o layer can 
make the predicted delamination positions behind the actual delaminations [1, 3]. From 
the FEM simulations, the estimated speed of S0 mode in the 0o delaminated layer was 
8483 m/s. If we use this speed in the delaminated region only (in the intact region, we still 
use 6260 m/s), with the known left end of the delamination, the predicted delamination 
positions or the reflected positions of S0 mode are shown in Fig. 6(c). Comparing it with 
Fig. 6(b), we can find that there is no obvious difference in the delamination positions for 
short delaminations, e.g. 30 and 50 mm. However, for a longer delamination (70 and 90 
mm), an increased deviation from the actual delamination is observed when 8483 m/s was 
used in the prediction. It implies that the use of the actual wave speed in the delamination 
area can not improve the prediction and a reflected wave with observable intensity is 
normally from the right end of the delamination. 
To gain a better understanding of this complex interaction, a beam with a length of 
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1500 mm and a 200 mm long delamination was examined using the numerical simulation. 
Under a condition of f=100 kHz and N=5, the wave signals corresponding to different time 
domains are shown in Fig. 7. The transverse deflections at various mesh points on the top 
surface of the beam were used. Fig. 7 also shows the subtraction between the wave signals 
from the intact and the delamination-containing beams, which can amplify the scattered 
wave signals from the delamination. The typical sensor signal for accurately evaluating 
the arrival times of various waves is shown in Fig. 8.    
At the time domain of 139 µs, the S0 mode arrives at the left end of the delamination 
and then reflects from or transmits from the left end, as shown Fig. 7 (a) and Fig. 7(b), 
respectively. At 182 µs, the S0 mode passes through the right end of the delamination, Fig. 
7(c). Fig. 7(d) shows two separate reflected modes, i.e., A0 and S0 from the left end of the 
delamination. In principle, it is easy to distinguish a S0 from an A0 mode by the 
propagation speed and wave length. However, the amplitude of the reflected S0 mode is 
smaller than that of the A0 mode. This can be explained by the fact that the bending 
deformation in a laminated beam is much higher as compared to the axial deformation. 
Also, when the S0 mode travels through the left end of delamination, a new transmitted A0 
mode is generated, Fig. 7(d). The reflected waves from the right end of the delamination, 
consisted both A0 and S0 modes, can be also observed in Fig. 7(d). Corresponding to 236 
µs, the incident A0 mode from the actuator does not reach the sensor, Fig. 7(e). The 
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reflected S0 mode from the left side of the delamination has already passed through the 
sensor, Fig. 7(f). However, at the same time point in Fig. 8, this reflected S0 mode cannot 
be detected by the sensor due to its small amplitude. Also, the reflected S0 mode from the 
right end of the delamination, which is surpassing the reflected A0 mode from the left end 
of the delamination, can be observed, as shown in Fig. 7(f). A new transmitted A0 mode 
and the transmitted S0 mode from the right end of the delamination can be clearly 
observed, Fig. 7(f). At 303 µs, as shown in Fig. 7(g), the incident A0 mode does not arrive 
at the sensor. As indicated in Fig. 7(h), the reflected S0 mode from the right end of the 
delamination completely surpasses the reflected A0 mode from its left end. This reflected 
S0 mode has already passed through the sensor position. From Fig. 8, the arrival time of 
the reflected wave from the delamination is identified as around 275 µs. The reflected 
wave actually arrives at the sensor between the time points shown in Figs. 7(f) and 7(h), 
i.e., 236 µs and 303 µs. Therefore, the reflected wave signal detected clearly by the sensor 
is considered to be the reflected S0 mode from the right end rather than the left end of the 
beam, due to its higher intensity. Based on the numerical simulations above, the very 
complex interaction between the different signal modes and the boundaries of a 
delamination can be identified. When only a single S0 mode passes through a delamination, 
four modes will be generated at one end of the delamination, including two transmitted A0 
and S0 modes, and two reflected A0 and S0 modes. However, the reflected S0 mode 
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received by a sensor is from the right end of the delamination. Further study is required to 
understand why the stronger reflections are from the right end of a delamination. One 
possible explanation is that the delaminated region is of lower bending stiffness, which 
can be considered to be a softer region. When a wave propagates from a harder or intact 
region into a softer region, the reflections become weak. In contrast, when the wave 
propagates from a softer region into a harder one, a stronger reflection is expected. 
Basically, the delamination length may also be evaluated in an inverse problem by 
using the above information and some additional experimental data combined with a 
calibrated numerical model. It will be explored in our future work.     
 
4. Conclusions 
    In this work, by using S0 Lamb mode, a technique for identifying a delamination in 
cross-ply laminated composite beams has been developed. The delamination position can 
be identified if the arrival time of a reflected wave from a delamination and the wave 
propagation speed of S0 mode are known. One of the advantages of this approach is the 
baseline data acquired from intact beams are not required. Extensive finite element 
simulations have been conducted to investigate the interaction of S0 mode with various 
delaminations. It has been found that when a single S0 mode passes through two ends of a 
delamination, four modes will be generated at even one end, i.e., reflected A0 and S0 and 
transmitted A0 and S0 modes. When a single S0 mode propagates into a delamination, 
ACCEPTED MANUSCRIPT 
 
 13
reflected S0 mode with high amplitude is generated from the end point of the delamination 
where the waves propagate out, suitable for sensor detection in practice.  
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Captions of Figures 
Figure 1. Schematic view of delaminated beam with actuator and sensor (unit: mm) 
Figure 2. Comparison between signals of delaminated and intact beams (a 30 mm 
delamination between the 10th and the 11th plies) 
Figure 3. Delamination positions identified experimentally  
Figure 4. Comparison of experimental and numerical results for a 30 mm delamination 
between the 10th and the 11th plies 
Figure 5. Comparison of experimental and numerical results for a 30 mm delamination at 
the mid-plane between the 16th and the 17th plies 
Figure 6. Numerical identification of positions of various delaminations: (a) schematic of 
the beam for numerical simulation (unit: mm); (b) results using 6260 m/s; (c) results using 
8483 m/s in 0o delaminated layer  
Figure 7. Wave signals of a beam with a delamination of length of 200 mm, and signal 
differences of intact and delaminated beams: (a) 139 µs (wave signal of a delaminated 
beam); (b) 139 µs (difference of wave signals of intact and delaminated beams); (c) 182 µs 
(wave signal of a delaminated beam); (d) 182 µs (difference of wave signals of intact and 
delaminated beams); (e) 236 µs (wave signal of a delaminated beam); (f) 236 µs 
(difference of wave signals of intact and delaminated beams); (g) 303 µs (wave signal of a 
delaminated beam); (h) 303 µs (difference of wave signals of intact and delaminated 
beams) 
Figure 8. Sensor signal for a delamination of length of 200 mm 
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Fig. 1 Schematic view of delaminated beam with actuator and sensor (unit: mm) 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Comparison between signals of delaminated and intact beams (a 30 mm 
delamination between the 10th and the 11th plies) 
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Fig. 3 Delamination positions identified experimentally 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Comparison of experimental and numerical results for a 30 mm delamination 
between the 10th and the 11th plies  
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Fig. 5 Comparison of experimental and numerical results for a 30 mm delamination at the 
mid-plane between the 16th and the 17th plies 
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(b) Results using 6260 m/s             (c) Results using 8483 m/s in 0o delaminated layer 
 
Fig. 6 Numerical identification of positions of various delaminations 
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Fig. 8 Sensor signal for a delamination of length of 200 mm 
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